The Indus Basin Irrigation System (IBIS) is more than a century old. Water allowances and canal water distributions responded to increasing crop water requirements in a southward direction, e.g. higher water allowance in Sindh as compared to Punjab. But within a province, the canal water supplies do not address the issue of difference in irrigation demand. The consequence is unprecedented groundwater depletion in Bari Doab and waterlogging in certain other canal commands. After the Indus Waters Treaty of 1960, gradually reduced flows and ultimate desiccation of eastern rivers have also contributed towards falling groundwater levels of adjoining aquifers. In this study, water allocations in the Water Apportionment Accord of 1991, annual average canal water diversions, and irrigation demand were compared for canal commands in Punjab. Rainfall was taken as an ultimate source of water that has a beneficial impact in integration with canal and groundwater. It is concluded that the efficiency of existing irrigation systems can be improved by adopting the concept of integrated water resources management (IWRM). Thus, to avoid waterlogging and groundwater depletion, reallocation of canal water supplies amongst the irrigation units in Punjab, in proportion to the relative irrigation water demand and cropping intensities, is recommended.
Introduction
Pakistan's Indus Basin Irrigation System (IBIS) is the biggest contiguous irrigation system in the world. Starting from Khyber Pakhtunkhwa (KP) through Punjab to Sindh, there is drastic variation in climatic parameters, e.g. temperature, rainfall. The canal system which exists today was started in the middle of the nineteenth century under the British colonial administration. The IBIS was designed and executed in stages; the first major modern canal to be constructed was the Upper Bari Doab Canal (UBDC), the survey for which was started in 1850 (Pakistan National Committee of ICID, 1991) . Thus, the irrigation system design, which is more than a century old, has allowed variable allocation of surface supplies by virtue of its design. These canal water allocations have been reviewed many times on a provincial basis in the context of establishing water rights on Indus River flows amongst the four provinces. With these reviews, the provinces agreed upon the Water Apportionment Accord (WAA), which is based on historical uses (1977) (1978) (1979) (1980) (1981) (1982) of each canal command (IRSA, 1991) . Within each province, canal commands have more or less established water rights/withdrawals based on their design water allowance and established historical uses. But actually, the design water allowance and canal supplies have never been reviewed to see if they are rational with respect to relative crop water demand in these canal commands. This is necessary because there is remarkable variation in reference crop evapotranspiration (ET o ) and rainfall across the canal commands in Punjab.
The cropping intensity was 102.8, 110.5 and 121.7% during 1960 102.8, 110.5 and 121.7% during , 1972 102.8, 110.5 and 121.7% during and 1980 102.8, 110.5 and 121.7% during , respectively (Ahmad, 1995 . Now, it is operating at about 172% (Mirza & Latif, 2012) and even higher in certain areas. As a result, groundwater mining, due to higher abstraction rates as compared to the corresponding recharge, is well reported in the literature (NESPAK/SGI, 1991; van Steenbergen & Olienmans, 1997; Basharat & Tariq, 2013; Cheema et al., 2014) . With dramatic increase in the intensity of groundwater exploitation in the last three decades, the policy landscape for Pakistan has changed, i.e. 'the main policy issues now relate to environmental sustainability and welfare ' (van Steenbergen & Olienmans, 1997) . Thus, it is important to avoid declining groundwater tables and deteriorating groundwater quality in fresh groundwater areas, and also to ensure equal access to this increasingly important natural resource.
Knowledge of crop water-use requirement is necessary in planning and operating an irrigation system as large as IBIS. With respect to the agriculture sector, having only meager options for expansion in land or water resources in the country, there is a need to focus on increasing the efficiency of existing land and water resources based on rational allocation of scarce water resources. Within this context, the paper examines how the ways of sharing and using irrigation remained the same while the realities of water availability, groundwater regime and river flow conditions have changed, causing huge strain on the groundwater conditions in some of the areas in Punjab.
Rainfall and ET o variation
The climate in Pakistan is more arid in the northeast to southwest direction, the orientation of the irrigation system in IBIS. Although temperature, solar radiation and wind all affect evapotranspiration demand, rainfall is also an important determinant of irrigation demand. According to the rain fall contours (Figure 1 ) developed by the Pakistan Meteorological Department (PMD, 2010) , the mean annual precipitation ranges from about 100 mm in parts of the Lower Indus Plain to over 1,000 mm near the foothills in the Upper Indus Plain. On the other hand, lake evaporation increases in the north-south direction from 1,270 mm at Peshawar to 2,800 mm at Thatta (Ahmad, 1982) . Computations by Ullah et al. (2001) indicate that at Sialkot (32.52°N,74.53°E), the extreme northeast of the Indus plain has the lowest value of reference evapotranspiration (1,210 mm/year). The highest value of evapotranspiration was found to be 2,112 mm/year at Jacobabad (28.28°N, 68.46°E).
The relative contribution of rainfall in most of the canal commands is low when compared with the other two sources of irrigation water, i.e. canal water and groundwater. However, the canal commands lying in the upper parts of Punjab, e.g. upper parts of Chaj, Rechna and Bari Doabs (land between two rivers), do receive such a quantity of rainfall, mostly in July to September, that it specifically contributes towards fulfilling the crop water requirement. The excess goes to groundwater recharge to varying extents, depending upon the rainfall intensity and its distribution in time and space.
IWRM approach and existing water management
The Global Water Partnership (GWP) defined integrated water resources management (IWRM) as a process which promotes the coordinated development and management of water, land and related resources, in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems (GWP, 2000) . According to Biswas (2004) , the word 'integration' often has had very different connotations and interpretations, depending on the authors and institutions concerned. Based on extensive literature review, Biswas (2004) identified 35 sets of issues that different authors consider to be integrated within the IWRM context. Amongst these, four issues of immense importance for the IBIS are water supply and demand, surface water and groundwater, irrigation and drainage, and water and land-related infrastructure. In this context, Stefano & Gunn (2012) pointed out that groundwater is likely to play a pivotal role in facing water scarcity in many areas of the world, particularly in arid regions or in areas experiencing population growth. This is likely to increase in the future due to continued population growth, urban expansion and the expected challenge in the form of climate change impact on water resource availability. This is also a true reflection of the current situation in the province of Punjab, Pakistan, which covers about 75% of the irrigated area of IBIS; unprecedented groundwater depletion is being observed in canal commands lying in central and lower parts of the Bari Doab. Bredehoeft (2011, p. 474 ) has very clearly declared that 'more effective conjunctive management can probably only be accomplished by an approach that integrates the groundwater and surface water into a single institutional framework; they must be managed together to be efficient. Current institutions based upon the present application of the rules of prior appropriation make conjunctive management not practical. ' Foster & van Steenbergen (2011) discussed more bluntly that in many alluvial regions, the authority and capacity for water resources management are mainly retained in agencies oriented towards surface water, because of the historical relationship with the development of irrigated agriculture (from impounding reservoirs or river intakes and major irrigation canals). Evolution to more planned conjunctive use of groundwater and surface-water resources offers great potential for increasing water supply security in both irrigated agriculture and urban water supply across the developing world, especially on large alluvial plains which are often major centers of population and economic development. But the institutional dimension of conjunctive use management is significantly more complex than where surface water or groundwater alone is the predominant water supply source.
To meet the deficit in crop water requirement and rainfall, the IBIS supplies canal water which too was designed to partially fill this gap. This deficit has increased over time due to increased cropping intensity driven by increasing food demand of the growing population. But irrigation duties in the upper Indus basin (Punjab province) are based, in general, on equitable canal water distribution, particularly within a canal command, in spite of the anomalies regarding irrigation water demand, as identified by Basharat & Tariq (2013) for the Lower Bari Doab Canal (LBDC) command. Currently, Pakistan is at the boundary (1,000 m 3 /(capita·year) between the categories of water-stressed and water-scarce, with respect to per capita water availability classification. In such a state, where there is increasing population pressure on available water resources, water supply needs to be allocated optimally so as to not only sustain but increase the current agriculture production for feeding the increasing population of the country. In this context, the paper highlights the misconceptions of the existing canal water management which is based on historic releases and its impacts on groundwater resources in different canal commands in the Punjab province of Pakistan.
Materials and methods
In the following methodology and discussion, crop water demand and supply calculations are based on canal command units, and the spatially variable parameters, e.g. rainfall and ET o , refer to the center of command areas. Very few of the canal commands were not considered in the analysis due to their smaller size or non-availability of data (e.g. Qaim and Dera Ghazi Khan (DG Khan) canals, respectively).
Description of study area
Pakistan measures about 80 million hectares (ha), of which 22 million ha are cultivated. Out of this cultivated area, 19.6 million ha are irrigated (Agricultural Statistics of Pakistan, 2009 -2010 . Major crops cultivated are wheat, rice, cotton, maize and sugarcane, which together occupy about 63% of the total cropped area (Alam et al., 2000) . The irrigation system was initially designed with the objectives of bringing as much land under canal command as possible and providing settlement opportunities. The designed annual cropping intensities were generally kept low, at 60 to 80% ( Jurriens & Mollinga, 1996) . According to the latest agro-economic farm survey carried out in 2010-2011, encompassing 200 watercourses spread all over the IBIS, the cropping intensities increased from 129% in 1988 to 172% in 2011 (Mirza & Latif, 2012) . This is due to gradual increase in the population at 2.03% per annum (World Population Day, 2011) .
The IBIS consists of the Indus River, falling ultimately to the Arabian Sea, and it's tributaries the Kabul, Jhelum, Chenab, Ravi, Beas (now in India) and Sutlej. For river water storage and diversion, the IBIS comprises three major reservoirs, 16 barrages, two head-works, two siphons across major rivers, 12 inter-river link canals and 44 canal irrigation systems called canal commands (23 in Punjab, 14 in Sindh, five in KP and two in Baluchistan). The aggregate length of the canal water distribution system (main, distributary and minor channels) is about 56,073 km, and more than 107,000 km of watercourses carry water to farmers' fields. Irrigated areas of IBIS and province boundaries are shown in Figure 2 . The flows of the Indus and its tributaries vary widely from year to year and within the year, as given in Table 1 for different periods. The construction of two vast storages (Mangla and Tarbela) and inter-river link canals compensated for the allocation of three eastern rivers to India, as a result of the Indus Waters Treaty (IWT) of 1960. It also helped the IBIS to be operated in an integrated and improved manner, with greater control and enhanced river water utilization. Consequently, the canal head withdrawals in the IBIS increased to 124.6 billion cubic meters (BCM; 1 billion ¼ 10 9 ) just after construction of the Tarbela Dam and reached the peak of 133.2 BCM in 1979. Thereafter, canal withdrawals stagnated at this level to [1989] [1990] , and have now declined to around 125.8 BCM due to reduction in reservoir capacities caused by progressive sedimentation. Table 2 shows the share of each province from the available river flows in IBIS as agreed upon in the WAA of 1991. The area irrigated from canal and wells is also given in Table 2 . MacDonald et al. (1990) estimated that 79% of the area in Punjab and 29% of that of Sindh have groundwater that is suitable for irrigation. For these areas, conjunctive use of surface and subsurface reservoirs needs to be pursued much more systematically than in the past. Mara & Duloy (1984) suggested that large gains in agricultural production and employment are possible, given more efficient policies as well as allocation and management of surface and groundwater resources.
Crop consumptive use demand
The consumptive use of a crop is the amount of water required for raising a successful crop in its growing season, and this can be supplied to the crops by rainfall, irrigation or by a combination of both. Expressed as depth of water, it consists of water lost as evaporation from bare surface (field), water transpired and water metabolically used. The term potential evapotranspiration (PET) denotes the highest rate of evapotranspiration (ET) by a short and actively growing crop or vegetation with abundant foliage completely shading the ground surface and abundant supply of soil water under a given climate. It integrates the evaporating demand of the atmosphere and refers to the maximum water loss from the crop field (Majumdar, 2004) . The crop water requirement in an area mainly depends upon:
• the climate -in a sunny and hot climate crops need more water per day than in a cloudy and cool climate;
• the crop type -crops like maize or sugarcane need more water than crops like millet or sorghum. Table 1 . Annual average flows to the Indus River and its tributaries (Irshad et al., 2012) .
Annual average flows (BCM)
River 1922-1961 1985-1995 2000-2009 To compute the crop consumptive use requirement for various canal commands, A reference crop evapotranspiration and crop coefficient approach was adopted. Meteorological stations with longterm records are operated by the Pakistan Meteorological Department (PMD) at Rawalpindi, Jhelum, Sargodha, Lahore, Faisalabad, Multan, Dera Ismail Khan and Khanpur. ET o (mm/day) calculated by the PMD, using 30 years' normal data of these stations by applying the Blanney-Criddle method (PMD, 2006) , was used and further interpolated to find corresponding ET o values for the center of the respective canal commands. This was done using inverse distance weighting interpolation as given by Equation (1).
where Z p ¼ interpolated value at the desired location; Z i ¼ parameter value at the known point; W i ¼ weight assigned to the known location, and n ¼ no of sampling points. The weighting function W i is based on distance (d ) between center of the canal command under consideration and the meteorological stations as given by Equation (2).
Using the above interpolated values of ET o , the crop consumptive use requirement (ET c ) for each crop in a canal command was calculated by multiplying crop coefficient, K c (PARC, 1982; FAO, 1998) of the particular crop with the respective ET o during the month based on 10 daily cropping calendars as given by the following equation:
Effective rainfall
Rainfall is an important parameter both for crop consumptive use and groundwater recharge in any irrigated area. For finding normal seasonal rainfall for each of the canal commands, a similar approach using Equations (1) and (2) was applied to the 30 years ' (1971-2000) average rainfall (data source PMD) as given in Table 3 . Adnan & Khan (2009) for finding effective rainfall and recommended the PET/precipitation ratio method as suitable for preliminary planning and more effective than the others almost throughout the country. These effective rainfall percentages were used for calculating normal effective rainfall for different stations, as given in Table 3 .
Spatial variation in irrigation demand
Irrigation demand increases successively for canal commands lying towards the south as compared to the north of the irrigation system. In Punjab, there is a mixed cropping pattern. Therefore, seasonal irrigation demand in any canal command depends upon the cropping pattern and intensity of crops, and severity of the climate in the area. The irrigation demand (ID) was calculated for each canal command by subtracting the effective rainfall from the crop consumptive use requirement for the period (Kharif (April to September), Rabi (October to March) and annual). Thus, ID can be taken as a guideline for representing the amount of artificial irrigation required in addition to the annual normal rainfall amount fulfilling the crop water requirement. ID was represented in two different forms: potential irrigation demand (ID p ) and actual irrigation demand (ID a ). ID p reflects the potential demand (mm) for a reference crop, whereas the ID a reflects the actual demand (mm) per acre, in the respective canal command with its prevailing cropping pattern and annual normal effective rainfall. This was done to avoid the impact of cropping intensity variation on total crop water requirement.
The ID a is a comparative guiding index for how much we need to artificially supply from the available river water resources to the competing canal commands. Groundwater is a byproduct of both rainfall and canal supplies and is already being pumped for supplementing short canal supplies all over Punjab. Therefore, it was not taken into account for meeting the ID in any canal command. The ID p is calculated by subtracting effective rainfall from the potential crop water requirement, both for Kharif and Rabi seasons, as given in Equation (4). The ID a is calculated as shown by Equation (5). 
where R e (effective rainfall) is the part of rainfall which directly contributes towards crop water requirement, and W c is the crop weighting factor calculated based on the area of the respective crop divided by the total cropped area in Kharif or Rabi season as given in Equation (6).
where A 1 is the area of the individual crop for which W c is being calculated and 
Present water allocations and their impact on groundwater
Consumptive use of crops can be estimated for any specified period, e.g. daily, seasonal or peak period consumptive use. In IBIS, evaluation of water demand and supply is usually done on a seasonal basis (Kharif and Rabi). Therefore, an estimate of seasonal consumptive use (C u ) is a must for evaluating the existing rationale in canal water supplies to different canal commands. The canal supplies were expressed as depth of water over the culturable command area (CCA). Water allocations of the 1991 accord were also compared with the annual average supplies during the period 2001-2009 for Kharif and Rabi seasons, so as to see any changes in the supply pattern with the passage of time.
Areas under different depth to water table (DTW) zones were compared, based on the monitoring of post-monsoon 2002. In addition, groundwater level hydrographs were prepared for selected observation wells for each canal command in order to assess the groundwater behavior in response to prevailing canal water allocations in different canal commands. Surface and groundwater balance is also given for the Lower Bari Doab Canal (LBDC), and groundwater storage depletion from the Bari Doab was estimated based on water table depth data of 2002 and 2012.
Results and discussion

Crop consumptive use
As shown in Figure 3 
Variation in irrigation demand and canal supplies amongst canal commands
The previous section proved that irrigation demand increases in the downstream direction of the irrigation system in Punjab. However, the difference in crop water requirement is more profound for Kharif season as compared to Rabi. Comparison of potential irrigation demand is shown in Figure 7 , in the form of ID p , i.e. by subtracting effective rainfall from ET o on annual basis. The ID p continuously increases in the downstream direction of the IBIS in Punjab, i.e. the minimum is 1,167 mm and the maximum is 1,785 mm for UJC and Panjnad Canal commands, respectively. In general, the ID p is minimum for upper parts of Chaj, Rechna and Bari Doabs and it increases for downstream areas of these Doabs. Further, the ID p is substantially higher for lower parts of Thal and Bari Doabs, and for Abbasia and Panjnad Canal command areas. Comparing the annual canal supplies for these canal commands (Figure 7) , it can be inferred that there is no increasing trend in canal supplies in correspondence to ID p , except that of less annual supplies for some of the upper canal commands, e.g. Upper Chenab Canal (UCC), LJC and Central Bari Doab Canal (CBDC).
ID a is compared for the canal commands on Kharif, Rabi and annual basis, as shown in Figures 8-10 , along with corresponding canal supplies. The maximum difference in ID a is 722 and 252 mm for Kharif and Rabi seasons, whereas on an annual basis the difference is 794 mm in the north-south direction of the irrigation system. As shown in Figure 8 , canal supply is the highest for Muzaffargarh canal during the Kharif season and the lowest for UCC and LJC commands. During the Rabi season, canal supply is the highest for UJC, Eastern Sadiqia and LBDC commands, whereas annual canal supply is the highest for Muzaffargarh (849 mm), then Eastern Sadiqia (843 mm), UJC (816 mm) and LBDC (809 mm), in descending order. Further, less supply was available to UCC (431 mm), Pakpattan (614 mm), LJC (583 mm), Upper and Lower Depalpur (624 mm), CBDC (631 mm) and LCC (633 mm), in ascending order. Cropping intensity is also plotted in Figure 10 , based on the data of 1998 -2002 (DLR, 2004 ; it is the highest for Mailsi (171.2%), then Pakpattan (167.5%), LBDC (159%) and Panjnad (149.4%). This shows no correlation regarding larger supplies for commands with higher crop water demands. On the contrary, higher supplies were diverted to UJC, the command with less crop water requirement and cropping intensity. From the analysis it can be concluded that canal supplies do not correspond to increasing demand per unit area and/or the cropping intensity. This is especially true for Pakpattan canal where cropping intensity is maximum and canal supplies are less than all other canal commands except the UCC.
Detailed groundwater balance analysis for LBDC command and Bari Doab
As shown in Figure 10 , cropping intensity is the highest for Mailsi, Pakpattan, LBDC and Sidhnai canals (in ascending order), all of them covering the central and lower parts of Bari Doab. Basharat (2012) carried out detailed analysis of the surface and groundwater balance for the LBDC canal command for the period 2001-2009. Accordingly, annual average deliveries of about 4,849 million cubic metres (MCM) were released to the LBDC command, against annual crop water requirement of 6,953 MCM. It was further analysed that 48.75% of these canal releases were available for crop consumptive use, and 44.12% add to the groundwater via canal and watercourse seepage, and field application losses. Thus, net canal supply available to crops was 2,364 MCM. which is about 33.8% of crop consumptive use requirements. The surface and groundwater balance of the command area is shown in Figure 11 . Against crop consumptive use requirement of 6,953 MCM, 2,364 MCM was provided from canal supply, 2,689 MCM from groundwater (68% as consumptive use out of 3,954 MCM groundwater pumping) and 1,406 MCM as effective rainfall from annual average rainfall, which is about 472 mm at the head end and 212 mm at the tail end of the command. Thus a net shortage of 495 MCM of irrigation water is being faced by the farmers in addition to groundwater mining of the aquifer.
Basharat (2012) also estimated the recharge to groundwater from canal supply to be 44.12% of canal deliveries at the head (2,140 MCM), from annual rainfall to be 16% (370 MCM) and the groundwater return flow to be 24% of groundwater pumping (948 MCM). So, the total recharge to groundwater was estimated to be 3,458 MCM, whereas the groundwater pumping for agriculture and domestic purposes was 4,124 MCM. Thus, a net loss in groundwater storage of 666 MCM (0.54 million acre-feet (MAF)) was occurring for the aquifer under LBDC command, which is equivalent to 36 cm (1.18 ft) per year drop in aquifer levels (assuming 0.25 as specific yield) over the gross command area of 0.8 million ha.
In order to find groundwater reservoir depletion in Bari Doab which has occurred in the past decade under these four canal commands, i.e. Mailsi, Pakpattan, LBDC and Sidhnai, soil volumes above the water table were calculated using areas under different DTW categories for June 2002 (Table 4) and 
Existing canal water allocations
The record of actual average system uses for the period 1977-1982 has formed the basis for sharing the waters of the Indus river system between the provinces, and at the same time it has been taken as a granted Fig. 11 . Crop water requirement, surface water and groundwater balance in LBDC command (Basharat, 2012) . Figures 12 and 13 show that the river water allocations across the canal commands were relatively in proportion to the WAA allocations but did not respond in the form of higher allocations for higher crop water demand areas. The contribution of the Tarbela Dam to canal diversions during the Rabi season was almost 26%, a significant enhancement. However, the main objectives of the Tarbela Dam were to provide storage for replacing water of existing canal commands of 1.8 million ha that was dependent on the flow of the eastern rivers, and the improvement of supplies to canals off-taking from the Indus main channel with command area of 6.9 million ha. However, there was about 30% reduction in Rabi supplies during 2001-2009 due to online storage loss and low river flows during the drought period. This shows that the stochastic nature of the river flows along with the reduced surface storage capacity had affected the Rabi canal supplies substantially. 
River flow regime changes
The data for the river flows for Ravi and Sutlej for the 40 years before the 1960 Indus Water Treaty between Pakistan and India (1922-1961) , a 24-year period some time after ratification of the treaty ) and a recent 11-year period (2000-2011) is given in Table 6 .
According to flow changes in Ravi and Sutlej, the impact of IWT has emerged with vigor in the last decade when India developed the capacity to divert almost all the flows of both the Ravi and Sutlej rivers, except the extreme floods. Thus, the strong need for environmental flows for the eastern rivers can now be realized. Perennial and non-perennial irrigation channels are shown in Figure 14 . Most of the channels along the Sutlej River were declared non-perennial during the inception of the irrigation system on the basis that there was sufficient groundwater recharge contribution from the river for pumping during low canal supplies, particularly during Rabi season. But, the gradual change of this river flow regime, as a result of IWT and surface water resource development by India, has also substantially contributed towards lack of recharge and consequent groundwater depletion.
Before completion of the Tarbela and Mangla reservoirs, due to insufficiency of river water during winter months, the total CCA could not be served. Therefore, a part of the CCA was served only 1922-1961 1976-1999 2000-2011 1922-1961 1976-1999 2000-2011 7.0 5.51 1.20 14.0 3.51 0.78 during Kharif season, called the non-perennial area. In the selection of perennial and non-perennial areas, beside the insufficiency of river water, many other factors, particularly the nature of soil formation, depth to groundwater and surface salinity, were considered (Ahmad, 1993) . So the prevailing classification of the parts of the irrigation system as perennial or non-perennial is also based on the old concepts and facts of the system, i.e. when there was no online storage for diversion during Rabi season. In the past, water availability in the Indus River system was highly erratic and unreliable. the post-Tarbela period. Of this, obviously the major increase was in the Rabi season. This means that water availability has changed with respect to quantity and time (Kharif and Rabi), but the allocation system remained rigid and did not show major flexibility or reacted according to the changes, particularly with respect to perennial and non-perennial allocations.
Emerging groundwater behavior
The Indus basin represents an extensive groundwater aquifer covering a gross command area of 16.2 million ha. The water table was well below the surface and the aquifer was in a state of hydrological equilibrium before the development of the canal irrigation system. The recharge to aquifer from rivers and rainfall was balanced by outflow (mostly in the form of open wells) and crop evapotranspiration. When the canal irrigation system was introduced, percolation to the aquifer increased in irrigated areas, resulting in the twin menaces of waterlogging and salinity, particularly in areas where the canal water supply and resulting groundwater recharge was higher than discharge. As a result, investments in drainage have been significant in Pakistan during the decades of the 1970s to the early 1990s, but waterlogging still affects large tracts of land. Even after a 4-year drought period (1999) (2000) (2001) (2002) , substantial tracts of agricultural lands, mostly in northern parts of the irrigation system (UJC, upper parts of LJC), with higher canal supplies and annual rainfall were waterlogged. Similarly, canal commands with higher ID a but with higher canal supplies and low cropping intensity were also waterlogged as shown in Figure 15 for canal commands of Muzaffargarh and Eastern Sadiqia commands. The figure depicts the distribution of DTW zones in the Indus Plain during post-monsoon 2002. The area for different DTW zones for different Doabs are presented in Table 7 . In Bari Doab, 33.4% of the area had DTW more than 12 m below the ground surface, whereas in Rechna Doab and Bahawalpur (tail area of Panjnad) only 0.7% and 4.2% of the area, respectively, was under this category. The groundwater depletion situation has been well documented in the literature. The excessive pumping by private tube wells has led to mining of the aquifer, as reported by many (NESPAK/SGI, 1991; PPSGDP, 2000; Basharat & Tariq, 2013) . The variation in canal supplies and increasing irrigation demand towards the south are jointly affecting the underground recharge, demands on groundwater pumping and, ultimately, the depth to the groundwater. Figure 16 shows the gravity of groundwater depletion rates for lower parts of the Bari Doab in the groundwater level hydrographs for selected observation wells. The groundwater depletion, as shown by the hydrographs for LBDC, Pakpattan, Sidhnai and Mailsi canal commands, ranged from 16 to 36 cm/year for the period 1987 to 2009, while the depletion rates for the period 2000-2009 ranged from 16 to 55 cm/year for these wells. Maximum DTW (October 2010) reported by the DLR is 23.9 m (78.5 ft), observed in Kehror Pacca Tehsil of Lodhran District. The current situation in the area is that irrigators are now facing increased cost of pumping and, in some areas, have to upgrade the pumping plant to cope with higher lifts. In the area, the time is approaching fast when groundwater may become out of the reach of small or poor farmers. According to the Punjab Private Sector Groundwater Development Project (PPSGDP, 2000) , these areas with deeper groundwater levels are generally located in tail reaches of the canal system. In this regard Basharat & Tariq (2013a) have pointed out that, in these water stressed areas, lateral saline intrusion is not a major issue due to very slow groundwater movement, but, in areas with saline groundwater lying below the upper layer of irrigation-leaked fresh water, mobilization of deeper saline water is taking place as a result of pumping by the farmers.
In fact, much of the groundwater that is pumped by the farmers is actually a byproduct of canal irrigation systems at various levels and annual rainfall. Spatial climate variability within the irrigation system in the Indus basin has created differential variations in rainfall and, as a result, in irrigation water demand. Basharat & Tariq (2013) highlighted the impact of spatial climate variability on irrigated hydrology in the LBDC irrigation system lying in the middle of Bari Doab. Annual rainfall decreases in the head-tail direction (head, 472 mm; tail, 212 mm) . In contrast, annual gross and net crop water requirement at the tail end were 10.2 and 25.2% higher, respectively, than at the head end. Ignoring this spatial climate variability, canal supplies are equitably distributed in the LBDC irrigation system. According to Basharat (2012) , the lower half of the canal command is facing an acute groundwater mining problem and, consequently, farmers have to incur three to four times the cost of pumping if the depth to groundwater is between 3 and 10 m from the land surface. Also, in the upper part of the Bari Doab (CBDC irrigation system), there are no signs of extraordinary groundwater depletion and this can be attributed to relatively more rainfall in the area. Figure 17 shows groundwater hydrographs for selected observation wells in all areas except Bari Doab. This shows that the groundwater levels are mostly stable except at the lower parts of Panjnad Canal command. 
Findings of the paper
The specific findings of this piece of research are as follows.
• Investments in drainage have been significant in Pakistan from the 1970s to the early 1990s. Waterlogging still affects large tracts of irrigated land; even after a 4-year drought (1999) (2000) (2001) (2002) , substantial tracts of lands (mostly in UJC, upper parts of LJC) were waterlogged. Similarly, areas with higher irrigation demand, but with higher canal supplies and low cropping intensity were also waterlogged, e.g. Muzaffargarh canal command.
• An increasing deficit between groundwater recharge and extraction by tube wells is causing groundwater depletion of around 0.15-0.55 m/year in central and lower parts of Bari Doab, whereas groundwater levels are relatively stable in the rest of the irrigated areas of Punjab.
• The allocation of river water to different canal commands in Punjab province has no rationale. Similarly, declaration of perennial and non-perennial areas has become outdated due to the many changes in the last 40 years, e.g. changing depth to groundwater and desiccation of eastern rivers.
• Absence of environmental flows, particularly in Sutlej and Ravi rivers, is adding to groundwater depletion in Bari Doab. Therefore, the IWT of 1960 with India has been only partially successful, without the provision of environmental flows.
• Fresh assessment of cropping patterns and intensities and the corresponding crop water requirement along with existing allocations is the first and foremost requirement for rationalizing canal water allocations.
• Online surface storage loss, resulting in shortage of Rabi supplies to the extent of 30% as compared to WAA allocations, has also contributed to overall groundwater depletion.
Conclusions and recommendations
Amongst various reasons for rapid groundwater depletion in the lower and central parts of the Bari Doab, the most prominent is the re-routing of various tributary flows of the Indus river system as a result of the IWT of 1960, and in return due to non-availability of environmental flows in eastern rivers. The second major reason is the continuation of chronic irrational distribution of surface supplies between canal commands. And the third contributing factor is the increasing crop water demands due to increasing cropping intensities. Thus, farmers in the area are constrained by water scarcity and unprecedented groundwater depletion rates, resulting in intense competition between different water users for this scarce water resource. Obviously, the poor are being affected the most because of increasing development and pumping costs, creating socio-economic imbalance and environmental degradation, especially threatening the farmers where deeper groundwater is marginal or hazardous. Thus, unprecedented groundwater depletion in the area is emerging as a new challenge for water managers, farmers and other stakeholders in the irrigation sector, particularly the policy makers.
Pakistan has an established system of water sharing and water rights for agriculture, which has some aspects of good practice, but this has remained essentially unchanged since the country's birth. In the past few decades, groundwater has been the single most important resource for increasing agricultural production. This means that, with the passage of time, the sustainability of agriculture in Punjab is linked to the sustainability of groundwater resources, which is suffering differently, i.e. at locations with waterlogging or with unprecedented mining. Continuous improvement in the performance of irrigated agriculture can be approached by revisiting policies on management and allocation of surface water, because provisions for increasing water supply to canals are limited.
Economically efficient food production will require more efficient management and consumption of freshwater resources, employing the IWRM principle at national, provincial and canal command level. This management will require better quantitative tools and understanding than are practiced now in the country. Instead of a narrow focus on surface and groundwater in isolation, rainfall should be taken as the ultimate source of water that can be managed together with canal water. Surface water allocations to different irrigation units in IBIS, being more than a century old, now demands groundwater resources to be linked with canal supplies and annual normal rainfall (also the sources of groundwater recharge). This is particularly important because the future of millions of poor farmers is linked to the improvement in response reactions of the system with the passage of time. There is an urgent need to adopt the IWRM principle and revisit surface water allocations between and within canal commands in Punjab. The factors to be integrated are: groundwater depth (specifically waterlogging and groundwater mining) and quality, natural recharge from adjoining rivers, annual normal rainfall patterns, variation in crop water demand, cropping pattern and intensities, and revision of the century-old perennial and non-perennial allocations.
In IBIS, only canal water is managed by the Irrigation and Power Department (IPD) of the respective provinces, ignoring the needs for groundwater management and thereby its long-term sustainability. Groundwater is only scantly studied by various federal and provincial institutions regarding its quality, waterlogging and, nowadays, depletion. The Canal and Drainage Act (1873) confers extensive powers on the Provincial Government, acting through the Canal Officer of the IPD, in relation to the control of surface irrigation, flood protection, and drainage. But, no such powers or essence exists in IPD, whereby long-term sustainability of irrigated agriculture can be assured. The following are the specific recommendations of the study.
• There is an urgent need to utilize recharge potential in river beds of Sutlej and Sukh-Beas by diverting surplus supplies during the Kharif season. There should be proper planning and implementation for utilizing such recharge potential during wet years. For this purpose, provision of environmental flows for eastern rivers under the umbrella of the IWT of 1960 with India may be taken up.
• Only saline groundwater areas need consistent supplies during Rabi and Kharif seasons. All fresh groundwater areas need to be treated equally with respect to Kharif and Rabi supplies.
• For improving the groundwater situation in IBIS, and especially in Punjab, construction of vast reservoirs should be the first priority of the country.
• Based on the present analysis, it is strongly recommended that (a) supplies to UJC and Muzaffargarh canal commands be reduced and (b) correspondingly, supplies to Pakpattan, Mailsi and Sidhnai commands be increased.
